Soils in riparian wetlands are periodically flooded, resulting in the establishment of reducing conditions and 11 the solubilization of As, subsequently to the reductive dissolution of Fe(III)-oxyhydroxides. When the water 12 level decreases, the wetlands are reoxidized. However, although the behavior of As under the reducing 13 period is well documented, there is a lack of information regarding its behavior during the oxidizing period. 14 In this study, we investigated As speciation in oxidation products from an initially reduced wetland soil 15 solution recovered from the Naizin-Kervidy riparian wetland (France). The oxidation products were studied 16 using NanoSIMS analysis and synchrotron X-ray techniques. These products were enriched in organic carbon, 17
several studies have demonstrated that subsequently to its release and reduction, As(III) is mobile and 12 contaminates the underlying groundwater; these wetlands are thus considered to be a source of As 13 (Fendorf, 2010; Kocar et al., 2008; Polizzotto et al., 2008) . However, in riparian wetlands, when the water 14 level decreases, consequently to the decrease in the precipitation volumes and increase in evaporation, the 15 redox conditions become progressively oxidative, and the fate and behavior of As(III) can be questioned. 16 Two possible mechanisms may occur: either As remains bound to OM via thiol groups or metallic bridges or 17 is bound to the newly formed particulate or colloidal Fe(III) minerals. Its oxidation state must be questioned 18 as well; As(III) could be completely or only partially oxidized as As(V). However, few studies have been 19 performed on oxidation products derived from the wetland soil solution to understand their impact on the 20
As speciation. ThomasArrigo et al. (2014) investigated oxidation products from a peatland surface solution. 21 They revealed that As was adsorbed onto poorly crystalline Fe(III)-oxyhydroxides as As(V) and As(III). They 22 linked the presence of As(III) to the reduction of As(V) by freshwater green algae present in the Fe(III)-23 oxyhydroxides flocs. Peatlands and riparian wetlands have different water regimes. Peatlands are generally 24 permanently flooded (i.e. reducing condition) while riparian wetlands are subjected to seasonal flooding (i.e. 25 alternating redox). These discrepancies are of major importance in terms of the OM qualities (i.e. mostly 26 reduced soil solution and oxidation products demonstrated that precipitated solids on the PTFE 23 device originated from the oxidation of the reduced soil solution without any selection which would 24 have induced a fractionation of REE and a modification of the REE pattern. Moreover the 25 
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5 concentrations of Si and Al (indicating the presence of clays) of the precipitates are low and similar 1 to those in the reduced soil solution (Table 2) confirming that the precipitates originated from the 2 soil solution and not from the soil. In the present study, the sheet scavengers were removed from the soil 3 after five hydrological cycles (i.e. five years) which allows us to study the result of all processes occurring 4 during oxidation/reduction cycles in the wetland. Processes including precipitation of diagenetic 5 solids, As adsorption and Fe(III)-oxyhydroxide maturation occurring within the wetland soil are 6 integrated by the sampling method used in this study. 
Chemical analyses 8
The collected soil samples were dried at 30°C for 72 h, and then sieved to 2 mm. The samples were digested 9 by alkaline fusion using lithium metaborate (LiBO 2 ) flux and analyzed for major and trace elements at the 10 SARM facility (Service d'Analyse des Roches et des Minéraux, Nancy, France). Dissolved organic carbon (DOC) 11 concentrations were measured using an organic carbon analyzer (Shimmadzu TOC-V CSH). The accuracy of 12 the DOC measurements was estimated to be at ± 5% by using a standard solution of potassium hydrogen 13 phthalate. The iron and As concentrations were determined by ICP-MS using an Agilent technologies 7700x 14 at the University of Rennes 1. The samples were pre-digested twice with 14.6 N HNO 3 at 90°C, evaporated to 15 complete dryness and then resolubilized with HNO 3 at 0. 37 Fe. Quantitative analyses were performed using a conventional external calibration procedure 18 (seven external standard multi-element solutions, Inorganic Venture, USA). Rhodium-rhenium was added 19 on-line as an internal standard at a concentration level of 300 mg L -1 to correct for instrumental drift and 20 possible matrix effects. Calibration curves were calculated from the intensity ratios of the internal standard 21 and the analyzed elements. The international geostandard SLRS-4 was used to control the accuracy and 22 reproducibility of the measurement procedure. The instrumental error on the As and Fe analysis was below 23 3%. The chemical As and Fe blanks were lower than the detection limits (respectively 0.003 and 0.07 µg L -1 ) 24 and were thus negligible. 25
NanoSIMS sample preparation and data acquisition 1
Adhesive carbon tapes were used to recover the coated solid layer from the sheet scavengers. The carbon 2 tapes were analyzed without any other NanoSIMS preparation. Measurements were performed with the 3 Cameca NanoSIMS 50 at the facility at the University of Rennes 1 (France N − ratio to 5 distinguish the carbon of the sample from the one on the scotch tape), and As (as 75 As − ) were sputtered from 6 the sample surface and detected simultaneously (multicollection mode) in electron multipliers at a mass-7 resolving power of ~4000 (M/ΔM). The primary beam was focused to a spot size of 100 nm and scanned in a 8 raster pattern on the surface sample. The chemical maps were determined by image processing using the 9
ImageJ software (1.38x version) and the NRIMS ImageJ analysis module. The colocalization analyses were 10 performed under JACoP, a plug-in for ImageJ developed by Bolte and Cordelieres (2006) . Pearson's 11 coefficient (PC) was calculated to determine the dependency of the pixels in the dual-channel images. PC is a 12 coefficient where 1 and -1 represent a perfect colocalization and perfect exclusion, respectively, and where 13 0 represents a random colocalization. Manders' coefficients (M1 and M2) were also used for the 14 colocalization studies and can be used to determine the proportion of overlap of each channel with the 15 other. In this case, 1 represents a perfect colocalization and 0 represents no colocalization (Manders et al., 16 1993 ). M1 and M2 are insensitive to the intensity of the overlapping pixels, which is convenient when the 17 intensities in both channels have very different values between them, like between Fe and As. 18
Reference samples for X-ray absorption spectroscopy 19
All of the aqueous solutions were prepared with analytical grade Milli-Q water (Millipore). The Fe(II) stock 20 solutions were prepared with iron chloride tetrahydrate (FeCl 2 .4H 2 O) from Acros Organics. The As(III) stock 21 solutions were prepared with a sodium arsenite solution (Na 2 AsO 2 ) from Fluka Analytical. The As(V) stock 22 solution was prepared with arsenate oxide (As 2 O 5 ) from Inorganic Ventures. The synthesis of the organic As-23
Fe reference compounds was performed at Geosciences Rennes. The OM used was a humic acid (HA) 24 corresponding to Leonardite humic acid (IHSS). The composition of HA was (as a mass fraction): C = 63.81%, 25 O = 31.27%, H = 3.70%, N = 1.23%. The DOC/As and DOC/Fe ratios of the synthesized reference compounds 26 were representative of the natural reduced soil solution ratios from the studied wetland (Dia et solution was added to obtain the desired concentration of 2 g L -1 and 11 mg L -1 for Fe and As respectively. 23
The Fh-As(III)oxic suspension was aged for at least 24 hours with stirring. Then the suspension was washed 24 three times with deionized water using centrifugation and dialyzed with 12-14 KDa cellulose membrane 25 during 48 hours. The sample was dried at room temperature (approximately two weeks before analysis). Fh-26
As(V)oxic was synthesized with the same protocol as Fh-As(III)oxic, using As(V) stock solution, with a target 1 As/Fe ratio of 0.007. The lepidocrocite sample (Lp-As(V)oxic) was synthesized in the presence of As(V) 2 according to the protocol given by Schwertmann and Cornell (1991) with an As/Fe mass ratio of 0.005 and 3 was provided by A. Dia . The Lp-As(V)oxic was confirmed to be lepidocrocite using XRD 4 analyses performed on a Siemens D500 diffractometer at the Chemical Sciences Department at the 5 University of Rennes 1. Fh-As(III)anoxic was prepared by the adsorption of As(III) onto 2-line ferrihydrite 6 synthesized according to Schwertmann and Cornell's protocol (1991) changes, samples were maintained under vacuum and at 70-80K using a liquid nitrogen cryostat on I18 and 22 LUCIA. In the natural sample, prior to XAS acquisition, the spatial distribution of the elements in the sample 23 was mapped by micro-X-ray fluorescence (µ-XRF). Based on the resulting maps, different types of spots were 24 selected for the XAS analysis according to their As/Fe ratio as well as the As and Fe content. Fe K-edge XAS 25 reference spectra were collected with a beamsize set to 2 x 2 mm in transmission mode using a silicon diode 1 for Fh-As(V)oxic and Lp-As(V)oxic, and in fluorescence mode for HA-Fe-As(III)oxic. 2
XAS data analysis 3
Arsenic and Fe XAS spectra were extracted using the Athena software (Ravel and Newville, 2005) including 4 the Autbk algorithm (Rbkb = 1, k-weight = 3). Normalized spectra were obtained by fitting the pre-edge 5 region with a linear function and the post-edge region with a quadratic polynomial function. The Fourier 6 transform of the k 3 -weighted EXAFS spectra were calculated over a range of 2-10.5 Å −1 for As and 2-11 Å −1 for 7
Fe using an Hanning apodization window (window parameter = 1). Back Fourier filters were extracted over 8 the 1.15-3.45 Å (1.15-3.85 Å for HA-Fe-As(III)oxic) and 1-3.8 Å R-range for As and Fe, respectively, using the 9 same apodization window shape. 10
The relative proportions of As(III) and As(V) in the samples were determined by linear combination fitting 11 (LCF) of the XANES spectra within the energy range of 11840-11940 eV using relevant As(III) and As(V) model 12 compounds (i.e. As(III) and As(V) adsorbed onto ferrihydrite, the XANES white line position for As adsorbed weighting factors were forced to be between 0 and 1 and the sum weights were not constrained in order to 15 make sure that the references were suitable. All of the As(V) percents were recalculated to a component 16 sum of 100%. 17 EXAFS data were analyzed by shell fitting using the software code Artemis (Ravel and Newville, 2005) . 18
Theoretical back scattering paths for the fits were calculated from different crystal structures using FEFF6. 
Chemical analysis of the oxidation compound on the PTFE collector 8
The oxidation products collected on the PTFE scavengers were analyzed for major and trace elements. The 9 concentrations obtained are given in Table 2 and compared with the soil horizon (A) and soil solution (SW). 10
The origin in the soil solution of the oxidation products collected on the PTFE devices was previously 11 determined by Al-Sid-Cheikh et al. (2015) following the rare earth element patterns of the soil solution and 12 oxidation products. The Si and Al concentrations decreased from 30.4% and 30.0% in the soil to 1.1% and 13 0.5%, respectively, on the PTFE scavengers; which demonstrated the depletion of clay minerals and feldspars 14 in the oxidation products compared to the soil organo mineral horizon. Conversely, the oxidation products 15 were enriched in Fe and organic carbon (OC) with 8.5% of Fe and 75% of OC versus 1.1% of Fe, and 9% of OC 16 in the soil. The As concentration increased from 7.39 mg Kg -1 in the soil to 239.31 mg Kg -1 on the PTFE 17 scavenger surface. In the soil horizon and solution, the As/Fe ratio (wt/wt) was within the same order of 18 magnitude, while this ratio increased by two orders of magnitude in the oxidation products. Thus, the 19 oxidation products exhibited a strong enrichment in Fe, OC and furthermore in As. 20 
21

NanoSIMS results 22
To investigate the distribution of As, the oxidation products were analyzed using a NanoSIMS probe. As) was 25 anticorrelated, while the As distribution followed that of Fe. Arsenic-enriched hotspots (i.e. red squares 1 1 and 2 in Figure 1) were also observed. The distribution of As thus followed two trends: i) it was diffused in 2 the matrix and ii) concentrated in hotspots in which the colocalizations of the elements varied. In hotspot 1, 3
high As counts were associated with high Fe and low OM counts whereas in hotspot 2, high As counts were 4 associated with high OM and low Fe counts. 5
Pearson's coefficients (PC) were calculated to determine a statistic spatial distribution of the elements. 6
However, using PCs alone may introduce ambiguity as PCs are highly dependent on signal intensity variations 7 and on the heterogeneous colocalization relationships throughout the sample (Bolte and Cordelieres, 2006). As with a PC value 11 above 0.6 suggesting that the As distribution was intensively correlated to the one of Fe, as illustrated by 12 hotspot 1. The determination of Manders' coefficients revealed that M1 and M2 were similar, thereby 13 indicating that the As and Fe distributions were linked. When 56 Fe 16 O was present, 75 As was also present in 14 more than 60% of the cases and when 75 As was present, 56 Fe 16 O was present in more than 65% of the cases. 
Arsenic X-ray Absorption Spectroscopy 19
As oxidation state 20
The oxidation state of As in the natural sample was determined collecting the XANES spectra in 13 different 21 spots and in the bulk. The spectra are reported in Figure 3 with the As(V) and As(III) synthesized references. 22
The normalized spectra exhibit various shapes. Arsenic (III) bound to ferrihydrite under anoxic conditions and 23
As (V) bound to ferrihydrite under oxic conditions were used as references for the As(III) and As(V) spectra, 24 respectively, and for the LCF. They exhibited a white line maximum at 11871.2 eV and 11874.5 eV, 25 respectively. With regards to the synthesized samples of As(III) transferred into oxidizing conditions, As(III) 1 associated with humic acid (HA-As(III)oxic) has a unique peak maximum at 11871.2 eV revealing no oxidation 2 of As(III). In contrast, As(III) bound to ferrihydrite (Fh-As(III)oxic) exhibited a peak maximum at 11874.5 eV 3 and did not show any shoulder at the low energy in the edge, suggesting that all of the As was entirely 4 oxidized to As(V). The XANES spectrum of As(III) bound to Fe and HA (HA-Fe-As(III)oxic) exhibited two peaks 5 at 11871.4 eV and 11874.8 eV, respectively, revealing the presence of both As(III) and As(V) with a 6 proportion of 60% As(V) as determined by the LCF. 7
All of the natural sample spectra except two (i.e. Zone2-Spot1 and Zone1-Spot5) exhibited a shoulder at 8 11871.2 eV and a white line maximum at 11874.5 eV. The variations in intensity of the shoulder provide 9 evidence of the presence of As(III) and As(V) at various proportions and heterogeneously distributed in the 10 sample. The results of the LCF show that the As(V)/As(total) ratio ranged from 65% to 100%, depending on 11 the studied spot. The bulk analysis showed 72% As(V), which corresponded to the average value of the 12 measured ratios in the different spots. Both 100% As(V) spots (Zone2-Spot1 and Zone1-Spot5) exhibited 13 features of a more crystallized structure revealed by the more pronounced oscillations in the post-edge 14 region (Figure 3) , possibly explained by a crystallized arsenate phase. 15
Nature and distance of the As neighbors 16
Despite the fact that our As concentration was rather low (i.e. 230 ppm in the digenetic precipitate) as 17 compared to generally studied contaminated sites or As-enriched synthetic samples, it was possible to 18 collect the EXAFS spectra in the bulk and in several spots. However, the low concentration explained the 19 poorer signal/noise ratio quality compared to literature studies on samples artificially doped in As. 20
The As K-edge EXAFS data and the corresponding Fourier-Transform of the references and some spots 21 collected in the natural sample are reported in Figure 4 . Except for the HA-As(III)oxic reference, all of the 22 EXAFS spectra exhibited a similar shape and oscillation positions. The second oscillation of the EXAFS spectra 23 was characterized by a slight double-hump feature at approximately 6.7 and 7.4 Å -1
. The amplitude of the 24 second hump was larger for the 100% As(V) spots and references, while the shoulder at 6.7 Å -1 increased 25 with the As(III) proportion. Additionally, the intensity of the oscillation at 8.3 Å -1 decreased compared to the 26 one at 6.0 Å -1 when a mixture of As(III)/As(V) occurred. The main peak in the Fourier transform was located 1 at R + ΔR ~1.3 Å and corresponded to the first neighboring shell. The natural sample spots, bulk and 2 references, except HA-As(III)oxic, exhibited one or two additional small peaks at R + ΔR ~2.3 Å and ~3.0 Å 3 accounted for the second coordination shell neighbors. To explore the local coordination of As, fits were 4 performed in the 1-3.5 Å R-range. The results are reported in Figure 4 . The fitted parameters and constraints 5 for the references and the natural sample bulk and spots are reported in Table 3 . 6
First Oxygen shell. All of the first coordination shells could be fitted with oxygen neighbors. With regards to 7 the As(V) references, in Fh-As(V)oxic and HA-Fe-As(V)oxic, the number of O neighbors is close to 4 (3.9 and 8 4.1 respectively) at a distance of 1.70 Å. On the contrary, in the As(III) reference (i.e. Fh-As(III)anoxic), only As(III)oxic, the XANES LCF showed no As(III) oxidation which was supported by the number and distance of 13 the O neighbors, respectively 2.7, close to 3, and 1.76 Å. In contrast, As(III) coprecipitated with Fh (Fh-14
As(III)oxic), had 4.1 O at the same distance as Fh-As(V)oxic, 1.70 Å, confirming the XANES LCF calculation 15 which revealed that all of the As(III) was fully oxidized to As(V). Because of the partial oxidation of As(III) into 16
As(V) revealed by the XANES spectra for the HA-Fe-As(III)oxic reference as well as for the spots collected in 17 the natural sample and for the bulk, in all of these samples, the first coordination shell fit gave intermediary 18 results with 3.4 to 4.0 O at 1.70-1.71 Å. The number of calculated oxygen neighbors was in agreement with 19 the As(V) content in the mixture of As(III) and As(V). 20
Second coordination shell. Except in HA-As(III)oxic, in which no path could be added to improve the fit 21 performed with the oxygen backscattering path, two As-Fe distances were used to fit the second 22 coordination shell. The longer one, referred to as the As-Fe 2 path, was included in all of the fits with 0.6 to 23 1. 7 Fe at an As-Fe interatomic distance of 3.28-3.43 Å. These distances are in agreement with those reported 24
for As(III) and As(V) monodentate binuclear corner-sharing complexes 
Iron X-ray absorption spectroscopy 14
After µXRF elemental mapping of the natural sample, Fe K-edge XANES analyses were performed on six spots 15 containing various levels of Fe enrichment in order to characterize the As carrier phases. All of the XANES 16 spectra were fairly similar. The edge position at 7125 eV associated with a tiny pre-edge at 7114.2 eV and a 17 broad shoulder at 7148 eV reflect octahedrally coordinated Fe(III) species in a poorly crystalline phase (data 18 not shown). The EXAFS spectra and the corresponding Fourier transforms (magnitude and imaginary part) of 19 the bulk and two spots along with the references (i.e. Fh-As(V)oxic, Lp-As(V)oxic and HA-Fe-As(III)oxic) are 20 reported in Figure 5 . The EXAFS spectra line shape of both the spots and bulk were similar. They were 21 different from the references. Similarly to HA-Fe-As(III)oxic and in contrast to Fh-As(V)oxic and Lp-As(V)oxic, 22 they did not exhibit any shoulder in the oscillation at 5.2 Å -1 . However, they exhibited a shoulder peak at 7. 
Parameters controlling As(III) speciation 13
In the studied natural sample corresponding to the oxidation products of a riparian wetland solution As(III) 14 was at least partially oxidized, with a As(V) proportion varying between 65 and 100% relative to the analyzed 15 spots. These results were in agreement with previous observations in peatlands ( The NanoSIMS analyses showed heterogeneity in the distribution of Fe, As and DOC. In addition to the 5 diffused As in the sample matrix, As also appeared to be distributed in hotspots, mostly in Fe-enriched spots 6 but also in several OM-enriched and Fe-depleted spots. Prior studies have provided evidence of the ability of 7 OM to bind As via organosulfurs such as thiol groups (R-S-H) ( observed from the NanoSIMS images could be explained by the formation of such As-OM complexes. 11
Despite the observed As-OM colocalization in some spots, the EXAFS data did not show evidence of the 12 direct coordination of As with OM (no As-C or As-S distances) while the Fe neighbors were always present, 13 even in the spots containing the highest proportion of As(III). These results could be explained by the 14 different scales of investigation provided by each technique. NanoSims probes the nanoscale while µXAS 15 probes the microscale. Because a maximum of 40% of As(III) was observed and if the formation of As-S-OM 16 monodendate complexes were hypothesized (Catrouillet et al., 2014; Hoffmann et al., 2014) , 12% of the first 17 neighbors around As would be S, which is at the detection limit of the EXAFS measurements. Consequently, 18 the EXAFS fitting of our samples did not show any S neighbors. Note that the studies in which As binding to 19 OM via thiol was evidenced by EXAFS spectroscopy concern either thiol enriched synthetic samples 20 (Hoffmann et al. 2014) or natural samples formed in strongly enriched As systems (Langner et al., 2012) . 21 Therefore, the hypothesis regarding a direct control of OM on As(III) oxidation could neither be confirmed or 22 invalidated here. 23
The second hypothesis considered that OM exerted a control on the As carrier phases and thus had an 24 indirect influence on the As(III) oxidation process. The EXAFS data collected at the 2014), who studied As speciation in a paddy soil, observed under an oxic 6 condition the persistence of As(III) associated with lepidocrocite in the outer rim of the roots and As(V) 7 associated with goethite and ferrihydrite in the inner rim. They interpreted this difference as the result of a 8 slow oxidation rate allowing the formation of lepidocrocite as compared to the permanent supply of O 2 by 9 the root channel inducing a faster oxidation and the formation of goethite and ferrihydrite. The coordination 10 numbers for the second coordination shell were much lower than for the lepidocrocite reference (Lp-11
As(V)oxic) revealing the nanometric size of the studied natural lepidocrocite. This low degree of 12 polymerization could be explained by the high OM concentration (75%). In the field, at the beginning of the 13 oxidation period (water level decrease), the DOC concentration could reach 38 mg L -1 (Table 2) results in a high capacity for As adsorption and thus an accumulation of As in the top level of the soil. In 8 addition, the presence of OM partly prevents the oxidation of As(III) into As(V), thus preserving a certain 9 quantity of the more toxic As species (i.e. As(III)) in the environment. 10 Based on this hypothesis, As mobility is entirely controlled by the transfer properties of their precursor 11 colloidal form of the Fe/OM aggregates. This transfer ability is controlled by i) the size of the colloids, which 12 controls their transport through the soil pores, as large colloids are rapidly eliminated with the water flow as 13 shown in stormflow events (Neubauer et al., 2013) whereas small size colloids are retained for longer 14 periods in the soil pores, ii) the soil porosity and permeability, and iii) the hydrophobicity and ionization 15 capacity of the colloids, which controls their ability to be sorbed to the soil particles. provided evidence that the repetitive redox cycle decreased As mobility and increased the As(V) proportion 24 in the soil solid phase during the reduced half-cycle. They correlated this As(V) sequestration with the 25 decreased dissolution of the Fe(III)-oxyhydroxides due to a finite DOC stock. In riparian wetlands, the supply 26 of OM is theoretically not limited but a poor quality of DOC (not enough metabolizable organic C) could have 1 the same influence on the preservation of Fe(III)-oxyhydroxides in the system. 2
Conclusion 3
In this study we investigated the behavior of As and the role of OM during the reoxidation of a riparian 4 wetland soil solution. PTFE scavengers were efficient devices to recover oxidation compounds directly from 5 the soil. 6
The NanoSIMS results highlighted the heterogeneous repartitioning of As, Fe and OM within the sample as 7 well as different colocalizations between the elements. A strong correlation existed between Fe and As 8 distribution but several As and OM-enriched hotspots depleted in Fe were also observed. The assumption 9 that these hotspots revealed direct binding between As and OM via the thiol groups was made, however we 10
were not able to confirm this direct control by OM on As speciation using the XAS measurements. In our 11 study, As was adsorbed onto Fe(III)-oxyhydroxides as As(III) and As(V). The presence of As(III) under such 12 oxidizing conditions was explained by a partial oxidation of As(III) indirectly controlled by the presence of 13 high quantities of OM. First, the presence of a large amount of OM in our wetland results in the formation of 14 i) nano-lepidocrocite with a high specific surface area and of ii) small-Fe clusters bound to OM. The 15 formation of both structures promoted As binding as 2 E complexes which are not able to oxidize As(III) 16 (compared to 2 C corner-sharing complexes). This process resulted in the retention of a significant proportion 17 of As(III) in the samples , even under oxidizing conditions. 18
In our studied riparian wetland, the soil seems to act as a retention area for As and not as the source of As, 19 as already proposed by several authors. 20 
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